Abstract: Rubrene, perylene, -quaterthiophene, and tetracene single crystals were grown and placed between indiumtin-oxide and Al electrodes; the current-voltage characteristics of the so-fabricated two-terminal organic devices were measured at ambient conditions under solar simulator illumination. While rubrene single crystals do not exhibit any photovoltaic effect, open-circuit voltages reach values up to 1.8 V in devices based on perylene, -quaterthiophene, and tetracene single crystals.
INTRODUCTION
Organic semiconductors based on low molecular-weight molecules such as porphyrins, phthalocyanines, oligothienyls, oligophenyls, and oligocenes, have been extensively employed as active layers in simple photovoltaic (PV) devices [1] . In these kinds of devices the semiconducting layer is usually present as a polycrystalline thin film phase comprising two different materials, one acting as electron donor and the other as electron acceptor, assembled in a double layer or bulk heterojunction. Exploiting thin film architectures is a natural choice since organic materials display an intrinsic high resistivity and relatively low exciton diffusion length (a few tens of nanometers). Only one example in the literature is reported where single crystals of tetracene with thickness down to 200 nm are employed as donor layers in double layer heterojunction solar cells with a film of C 60 as acceptor layer, reaching a power conversion efficiency of 0.34% [2] .
The propensity of organic semiconductors based on small molecules to give rise to crystalline phases is an advantageous characteristic (in comparison to polymeric semiconductors, which form solid phases with large amorphous fractions) since the 3D periodicity enhances the exciton diffusion length and the charge mobility. On the other hand, the exciton binding energy is relatively high in molecular crystals, making the separation of electron-hole pairs fairly difficult [3] . In this framework, in order to get useful guidelines to the choice of suitable materials for the fabrication of efficient small-molecule organic solar cells, we analyzed the intrinsic PV response of the organic semiconductors through the investigation of the best-defined model systems, i.e. single crystals. In this letter, we study the PV response of pure single crystals of well known organic semiconductors, namely rubrene (RUB, C 42 H 28 ), perylene (PEL, C 20 (Fig. (1) ). Previous studies bypassed this fundamental step, probably due to the difficulties in growing and handling high quality single crystals, and to the problems related to the metallization of their surfaces.
RUB has been recently used in its thin film phase for fabricating organic dual devices (electro-luminescent and PV) with C 60 as acceptor layer, reaching a power conversion efficiency of 3% and a photovoltage of 1 V [4] . On the contrary, PEL and -4T, even though their semiconducting behavior has been demonstrated in several experiments [5, 6] , have never been used for fabricating PV devices. We will show that each semiconductor presents distinctive characteristics in terms of short-circuit current density, open-circuit photovoltage, and power-conversion efficiency. In particular, while RUB single crystals does not show any detectable PV response (though exhibiting the highest conductivity), PEL, -4T, and TEN single crystals give rise to an apparent PV behavior, reaching open-circuit voltages up to 1.8 V.
GROWTH AND OPTICAL CHARACTERIZATION OF SINGLE CRYSTALS
Commercial RUB, PEL, -4T, and TEN powders were purified by several sublimation steps before use. Single crystals of RUB, TEN, and PEL were grown from the vapor phase following the procedures reported in Ref. [7] , whereas -4T single crystals were grown from anisole solution by the floating-drop method [8] . The samples were placed without any intermediate layer on a quartz plate. Single crystals are obtained as thin flakes (thickness up to 1 m), some millimeters wide exposing a clean, molecularly flat surface, which does not require cleavage before use. The low aspect-ratio of such crystals is due to the high anisotropy of the intermolecular forces. The -conjugate system drives the formation of a layered structure with low energy surfaces separating adjacent compact layers (see Fig. (1) ). These low-energy surfaces are easily identified in the crystalline sample since they are the widest ones. RUB is known to crystallize in three different polymorphs: triclinic, monoclinic, and orthorhombic. Vapor phase methods produce the orthorhombic polymorph with (100) as the widest (contact) surface [9] . The triclinic and monoclinic polymorphs are obtained by solution methods [10] . Two monoclinic polymorphs of PEL are known: the -polymorph, appearing as a rectangular, tabular, yellow crystal, and the -polymorph, appearing as a hexagonal, greenish-yellow prism [11] . Vapor phase methods produced the -polymorph of PEL with (001) as the widest (contact) surface [12] . Depending on the source temperature, vapour phase methods have been demonstrated to produce -4T crystals with two different monoclinic phases: the low temperature polymorph for temperatures 140°C and the high temperature polymorph for temperatures 160 °C [13] . Room temperature solution methods produce the low temperature polymorph of -4T, with (001) as the widest (contact) surface [8] . Finally, only a triclinic phase of TEN is known [14] , with (001) as the widest (contact) surface [15] . A sketch of the molecules and of the surfaces of the three materials is reported in Fig. (1) .
In order to corroborate the phase and orientation assigned above and to evaluate the overlap between the solar irradiance and optical response of these four organic semiconductor crystals, optical absorption spectra have been performed at normal incidence on the contact face of small crystals (few hundreds nanometers thick) in the visible spectral range with a Perkin-Elmer Lambda900 spectrophotometer. Fig. (2) reports the absorption spectra collected under polarized light for making evidence of the typical optical anisotropy of such crystals which is in turn related to their highly anisotropic structures. Incident light has been polarized along orthogonal crystal directions, chosen as those characterizing the direction of polarization of the lowest energy exciton transitions (mainly of Frenkel origin). The main peaks detected show the spectral position and lineshape expected for the orthorhombic polymorph of RUB(100), for the -polymorph of PEL(001), for the low temperature polymorph of -4T(001), and for the triclinic polymorph of TEN(001), in full agreement with all the available data in literature [12, [16] [17] [18] . 
DEVICE ASSEMBLY AND ELECTRICAL CHARAC-TERIZATION
Single crystals of RUB, PEL, -4T, and TEN, typically 20÷40 mm 2 wide and 1 m thick, were placed without any intermediate layer on a boron-silicate glass plate (1 cm 2 ) covered with an indium tin oxide (ITO, 30-60 / , surface roughness 3.5 nm (rms) over a 1 m 2 area) layer (Fig. (1) ). The metallization carried out by thermal evaporation on PEL and -4T is not a suitable method because of the consequent surface damage. When this method is used, introduction of structural defects is an inevitable and well-known problem [19] and metal penetration into the volume of the organic active layer is often observed [20, 21] . Indeed, as can be observed in the atomic force microscopy (AFM) images reported in Fig. (3) [22] , the surface of these crystals undergoes dramatic changes at room temperature when kept in ultra-high vacuum conditions (1 10 -9 mbar). For the PEL crystal Fig. (3a and b) , vacuum is observed to induce sublimation, since a terrace appearing at the top-right in Fig. (3a) completely disappears in Fig. (3b) , and the surface roughness increases due to the high density of residual islands. Some voids also form, as can be observed in the bottom-left and top regions of Fig. (3b) . A similar behavior is observed for -4T crystals; Fig. (3c and d) show the evolution of a step-edge, which is observed to move backwards due to the onset of sublimation; furthermore, sublimation of a second layer is observed, giving rise to a depleted region having the same profile of the original step-edge. As an alternative option, top contacts were fabricated using an Al tape [23] (4 mm 2 ca.), assuring the direct contact between the semiconductor and the metal and avoiding any mechanical damage. The ultimate assemblies were self-standing. Table 1 . Among the considered materials, only RUB crystals exhibits a photocurrent lower than 10 -10 A, then near the detection limit of the electrometer. For the other materials, the onset of a PV effect is apparent, though photocurrents are apparently low; this is due to the high resistance of the organic layers and, especially for PEL and -4T, the small overlap of the absorbance and solar irradiation spectra (Fig.  (2) ). Moreover, it must be noted that, with the device configuration used (see Fig. (1) ), current flow is highly unfavored because charge carriers must follow a path orthogonal to the molecular layers, along which the overlap oforbitals, responsible for charge transfer from a molecule to another, is negligible. Interestingly, open-circuit voltages (V oc ) reach relatively high values if compared with those of donor-acceptor hetero-junctions. Indeed, the presence of a single active layer prevents the energy loss associated with the electron transfer at the donor-acceptor interface from the LUMO level of the donor to that of the acceptor; then, V oc values overcome 1 V, reflecting the high exciton energy of the single organic layer. Note, e.g., that in TEN single crystal/C60 bi-layer heterojunction solar cells, the measured V oc was 0.57 V [2] , to be compared with 1.6 V (see Table 1 ) obtained with our TEN single crystal device. Since PEL, -4T, and TEN single crystal cells are hole-only devices, charge separation of the light-induced exciton likely occurs at the crystal/Al interface. As exciton diffusion lengths are of the order of some tens of nanometers, whereas the crystal thickness is hardly lower than 200 nm, only a (small) fraction of the incident light can contribute to charge generation. All these effects are responsible for the modest estimated power conversion efficiencies; nonetheless, it must be noted that they are of the same order of those obtained with thick bulk heterojunction solar cells [24] ; furthermore, the efficiency of our TEN single layer solar cell reaches that obtained with TEN single crystal/C60 bi-layer heterojunction solar cell with the same thickness [2] . Moreover, we stress that for PEL and -4T, current/voltage characteristics in the device configuration of Fig. (1) were never reported, probably due to crystal vulnerability to traditional metallization processes.
Despite the high V oc of single crystal cells, the fill-factors (FF) fall in the typical range of other bi-layer or bulk organic hetero-junctions. Variation of FF can be related with the conformity of the interface contact between the crystal and the electrodes.
The optical absorbance spectra in Fig. (2) can help to explain the difference in electrical response of the materials used. Indeed, only a small fraction of the irradiated energy can be absorbed by PEL and -4T, whereas a far more favorable spectral overlap is evidenced in the case of RUB and TEN. This observation accounts in part for the higher performance (in terms of ) of solar cells based on TEN and allows us to attribute to electron-hole recombination the reason for the absence of PV effect in RUB single crystal devices. In this respect, charge recombination can follow two different paths: radiative and non-radiative. The latter process is particularly detrimental in the case of solar cell devices because it transforms all the excitonic energy in thermal energy. Unfortunately, due to the intermolecular interaction, photoluminescence is often quenched in single crystalline phases, making non-radiative recombination a dominant event of the thermodynamics of the solar cell. This observation is substantiated by the work carried out by Pandey et al. [4] , where the PV behavior of RUB/C 60 heterostructures is demonstrated to originate from the light absorption of only the C 60 layer, whereas excitons in RUB do not undergo efficient charge transfer.
In order to try to correlate the experimentally extracted PV parameters with the electronic structure of the active layers, we report in the last column of Table 1 the optical absorption edge (E G ) deduced from the graphs in Fig. (2) . As can be seen, the difference E G -eV oc varies from 0.7 to 1.1 eV, this representing an estimate of the energy loss excited electrons undergo before charge collection at the cathode. Being all the studied systems single layer devices, as nicely demonstrated in Ref. [25] the loss in open-circuit voltage can be attributed to the non-radiative recombination of charges within the crystalline layer. It is evident that the rate constant for recombination of excitons is an intrinsic properties of the material. For RUB this is relatively high, preventing the measurement of a finite V oc , while TEN exhibits the lowest one.
CONCLUSIONS
We measured for the first time the PV response of single crystalline devices based on RUB, PEL, -4T, and TEN. This has been shown to be characterized by relatively high values of V oc , reflecting the high energy gap of the organic semiconducting layer. A high rate constant of exciton recombination was suggested as the main process giving rise to a low power conversion efficiency of single-layer singlecrystalline devices. This effect is particularly evident in RUB single crystals, which does not give rise to a detectable photocurrent. Among the used materials, TEN revealed to be the most promising one for the fabrication of crystalline organic devices, since it exhibits the lowest rate constant of recombination. On the other hand, the low performance of RUB single layer devices in terms of V oc and photocurrent does not establishes the inadequacy of this materials for the fabrication of solar cells. Its well-known high carrier mobility can be exploited in devices with an heterojunction configuration, where excitons are generated in the acceptor phase. 
